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Very stringent dimensional stability rcquircmcnts  for metering rods of the NASA/Jet Propulsion
l.:iboratory  Cassini  spacecraft NAC (Narrow Angle Camera) were the driving forces to select and conduct
dimcmsiorial  stability tests of several dimensionally stable  materials. T’hc carbon/carbon composite, among the
other sckctcd materials, was tested at the University of Arizona. Fabry-Perot laser-intcrfcrcrmctric techniques
wc.rc used to measure dimensional c.hangcs (o accuracies in the 0.01 ppm rarrgc. Cocflicicnt  of thcrrnal  expansion
(CYI’I\),  [hcrmal  hysteresis and tcxnporal stability test rcsul[s  at 27.5°C and 38°C arc reported here. I’hc test
results  indicate that  this carbon/carbon composite material, made from 21> fabric and pitch base tibcr, appears
to bc the best among all tested  nonmagnetic materials. CI’1[  -1.5 ppm/°C arc reported here along with tcm oral

tstability = 11 I ppm/year. Ilowcvcr,  relatively high ihcrmal  hysteresis withiri the tcrnpcraturc  range of -48 C to
+ 52°C niay cause some  concerns. Possible procedure to resolve this issue is also suggested here.

Kcywm-ds:  carbon/carbon composites, thermal expansion, thcrri~al hysteresis, temporal instability, Fabry-Perot
rcsona(or

IIigh performance rcquircrncnts  for the lrnaging  Scicmcc Subsystcm (ISS)/Narrow  Angle Camera (NAC)
ir~strumcnt  on the NASA/JPL Cassini  spacecraft imposed very stringent demands for dimensional stahilily of the
metering rods in the athcrmalizirrg  systcm. ~’hc mctcrirrg  rods arc. the primary component of the athcrmalizirrg
syslcm that allows the positions of a pair of opticzil clcmcnts  to bc coritrollcd to compensate for bulk tcmpcriiturc
chzingcs. In order to meet the camera’s optical rcquircmcnts,  the rods should meet rigorous rcquircmcn[s  for
very low thermal expansivity and tcrnporal  instability, possit)ly at a magilituc]c  never rcc]uicd before. Iihc metering
rods must be. made of a mate.ri:il with a coefficient of thcrrrial expansion ((”1’1;)  of < I 1 I ppm/°C and with
ctmll)incd tcmpor;il  (Iong-term) s[ability ami thermal hysteresis of < I J I ppm/yc[ir

It was a significant challcngc  to J} ’l, to choose a material which could meet these dimcnsio~i:il st:ibility
rcquircmcmts  while still possessing other ncccxssary attribrrtcs  such as mcchanic:il  strength, machinability and
sl):icc crivironmcnt  acceptability. In the. selection process, Invar 36 niatcri:il  was chosen as the. bzisclinc material.
St~kolowski  ct. all dcscribcd  how El}’ (high purity) Irrv:ir  36 w:is fabric:itcd and procured pcr J] ’l, instructions,
heat trc;itcd  in order to improve dirncnsion:il st:ibility even further and tin:illy [cstcd. AS a result, JP1, h;is
succcc(icd  in obtaining possibly the, most dimensionally s[ablc Inwir 36 ever produced.

I)UC to a lnvar  36 rmitcrial magilctism  issue arid its possible iri[crfcrcncc  with [tic 1SS systcm :ind/or
~~[hcr nc:irhy Cassini  spacecraft instrumcrits,  o[hcr dimcnsiorral stable., nonm:igrietic c:indidatc  materials, such
as silicon c;irbidc,  carbon/c arl)on  composite and PI ~I;K composit  c were select cd and procure(i for test /cvaluatiorl
as possildc backup matcrials2. q’his p:ipc.r dcscribcs  why c.arbon/ciirbon  composite m:itcrizii was chosen for this
critic:ii :ipplication,  what carbon/carbon could bc the best and which onc was procured for tcstirrg hccatisc  of
:iviiil:ibility.  It also rcporis how procured c.art)on/c[irbon was manufactured and prcparc(i  for test. Fhlally, the
paper dcscribcs  the dimensional stability tcs[ing and discusses the tcs[ rcsuits,  possibiy the most accurate
(iimcnsiorral  stiibility test ever done on c;irtmri/carbon  cornposi[c cspc.ciiiily  in tcnipor:il  inst:ibility arm.

“oi)ticitl  Scicnccs  Cc.ntcr , LJnivcrsi[y of Arizona
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A carbon/carbmr  composite was chose.n as a candidate matmial  for metering rods for several reasons.
I’irst  of all, it has good, tailorablc  thermal stabiliiy  and light weight. Ikpcndirrg  upon material architecture, type
of tibcr  and ma(ri>  and proccsscs,  the Cf’}1 of carbon/carbon in axial direction at near room [ernpcr:iturc,
has been rcportcd2’3’4 to vary from -2. to + 0.5 ppm/°C. The C1’l; of fibers thmnsclvcs  can differ from -1.5 to -
0.S ppm/°C in axial direction and approx. + 4 ppm/% in transverse direction. On the other hand, the C’I+E1  of
mat rix could vary from -1.5 to + 4 ppm/°C. Thcrcforc,  if corrcc[ly tailored, the C113 of carbon/carbon could
ht. near zero in required direction. Secondly, this material has the creep properties of a high tcmpcraturc
cc.ramic, which also made, us bclicvcd  in hi@ resistance to dimensional changes with time but without applying
any external stresses in isothermal, nc.ar room tcmpcraturc environment . Finally, the modest diffcrcncc  in CI’F,
twtwc.cn carbon matrix and carbon fiber could bc accomplished by appropriate selection of the material
architecture and type of fiber and rnatri>  in order to crcatc  low thcrrnal  hysteresis and good temporal stability.

There is a limited available data on thermal hysteresis and no data to our krrowlcdgc  on temporal
stability for the carbon/carbon cornpositc.s. JPL has generated some amount of thermal cycling data under a
carbon/carbon program funded by the Air F’orcc Phillips I.ab. l’hc data is based on a sample of P-25 2K 8-
11 arncss  Sat in fabric which was dcnsiticd  by petroleum pitch and proccsscd  for low (near zero) CTE. l’hc
sanlp]c was cycled llvc times bctwccn  -lOO°C and + 120°C in the materials lab’s quartz  beam dilatornctcr.  The
sanlplc, returned to the same cnd points after each cycle , but did show a histcrcsis  loop, which appears to
diminish whh increasing nurnbcrs  of cycles.

q’hc remainder of the data was produced by R. A. Meycr6 of Acrospacc  Corporation. The samples used
ill this program were triaxially  braided tube.s, with approximately 25% axial iibcr volume. T’hc. tihcrs used were
Apollo 55 and P-75. Dcnsifrcation  was by phc.nolic resin and by (W]). Thermal cycling was bctwccn  -150°C and
+ 250°C, and thermal expansion behavior was measured by Iascr intcrfcrornctcr.  The data shows CJ’F, to bc
linear from -150°C to + 100°C, with a slight slope change at O°C. Above + 100°C the. CT1’I; gradually incrc.ascs
[owards positive. I’his data also shows hysteresis above + 100°C, but always returns to the original line below that
tcmpcralutc.

l“hc unidirectional, low modulus PAN based fiber and low tcmpcraturc heat treated/proccsscd
carbon/carbon was strggcstcd to bc chosen as an candida{c material for metering rods. A low modulus
unidcrcc(iona]  carbon/carbon composite would have, the lcas[ ncgalivc CI’I;. l’hcrrnal  hysteresis would bc
rcduccd  by usc of a unidirectional composite bccausc  transverse matrix cracking structure would allow matrix
to move with frbcr without dcsbonding.  ‘l’his is possible, bccausc  of the abscncc  of the competing effects of
positive transverse. thcrrnal  expansion and negative axial thcrrnal  expansion of the c:irbon fibers. The matrix is
also c.xpc.ctcd to orient prcfcrcnti:illy  parallel to the fibers in this rnatcrial.  l’hc temporal stability was assumed
to tw cxccllcnt.

A survey of various carbon/carbon marrufacturcrs  was corrductcd to Mcrmincd if there were any
sarnplcs available which were similar to the proposed rnatcrial.’l’hc lend time for manufacturin[~  carbon/carbon
is such (approx.  12 weeks min.) that it was not possible to manuf:icturc  specific sarnplcs  for the schcdulcd test,
and therefore samples to bc submitted for this test would have to bc miidc from existing rnatcrial  made for other
programs. ‘1’hc carbon/carbon composite made from 21> fabric and pitch based fiber P-25 was the only one
among all carbon/c~arbon  materials available at this time for testing. Scvcr:il 1.27 cm thick pkrtcs of this rnatcrial,
found at the JPL Materials I,ab, could bc machined into samples suitable for the dimensional stability test. The
21) f;ibric and P-25 fiber carbon/carbon composite was not to bc. optirni~.cd  material for the 1SS rnctcring  rc)ds.
1 I{mwvcr, the tcrnpor:il  stability was cxpcctcd  to bc very good.

T’hc processing scheme of this matcri:il  was as follows:
1. P-2S/phcnolic  prcprcg  was kiminalcd  and cured as 1.27 cm thick pane.1
2. Panel was carboni~cd  to 816°C
3. P;incl was graphitid  at 2?tJ(10C~



4. I’ancl was rc.imprc.gnated  with A?.40 pitch and carbonid  [o 816°C
5. Pancl  was graphi[ized  a{ 2206°C
6. Panel was rcimprcgnatcd  with A24(I pitch and carbonized to 816°C

1.atcr, the samples were machined using conventional abrasive machining into 0.95 cm square by 9,97 cm long
rods. A 0.32 cm wide by 0.63 cm dc.cp slot was cut down the carter of onc side (perpendicular to the plies) to
allow for passage of the laser light through the. sample . ~’hc s101 was used bccausc  of the difficulty in boring a
hole through the long axis of the sample, which is the usual configuration of samples used at the tJnivcrsity  of
Arizona.

I V. ‘f’fjsl’ M.!.H:llK)I?S

The dimensional stability testing was conducted at Optical Sciences Center,  lJnivcrsity  of Arixona. Two
kinds of mcasurcmcnts  were performed: thermal expansion (C1’E/thcrnlal  hysteresis) and temporal instability

!Both kind of mcasuremcn[s  relied on the sarnc laser-intcrfcromctric principle described previously in dctails7’81 .
l’hc  tcchniquc  involved directing the beam from a tuncablc  }lcNc  laser scqucrrtially through each Fabry-Perot
sample-rcsona[or (Fig. 1), electronically locking the laser’s frequency to [he. resonator’s transmission peak and
finally comparing the laser’s frcnqucncy  whh that of a stable reference laser whose frequency was constant with
tin~c.When the sample length change.d duc to time or tcmpcra[ure.  changes, then the cavity resonant frequency
changed by an amount A . in this way, wc could obtain an absolute measure of sample length through simple
relation:

l’hc experimental arrangement used for Cl’} l/thcrn~al  hysteresis mcasurcmcnts  is shown in Fig 2.
CTF./thcrn~al  hysteresis mcasurcmcnt  was pcrfornmd  individually for onc carbon/carbon sample in the
temperature range of -48°C to + 52°C, stopping, every 25°C to record A and temperature. Plots were made of
frequency shift vs. tcmpcraturc, which were cmrvcrtcd to AI ./1, vs. tcrnpcraturc.  T’hc 1, and tmnpcrature  data
were recorded only after carbon/carbon sample length stabilized to A 1./1, < .001 ppn~/hour.

l’hc  arrangement used for temporal stability mcasurcmcmts  is shown in Fig. 3. Three carbon/carbon
samples as WCII as other dimensionally stable materials samples were contained in a massive copper holder with
the capacity of 37 samples. 2 samples were supplied by the LJnivcrsity of Arizona: a copper sample was used for
tc.mpcraturc  stabilization and an optically contactc.d Ilomosil  was used as a fused silica double check on the
stability of rcfcrcncc  laser. ~’cmporal stability testing was conducted at .38°C for 80 days, after which the chamber
temperature was dropped down to 27.5°C and the sample’s length changes were monitored for another 43 days.
llach weekday a n~casurcmcnt  was made, sequentially, of initial chambc.r  tcmpcraturc,  each sample’s resonant
frcquc.rrcy  change and final chamber tcmpcra(urc.  l’hcsc  resonant frcqucxrcy  changes were plotted vs. time and
later  converted-to Al ./1, vs. tinw
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1. CTK/thernml hysteresis

‘f ’he CT}i/thcrn~al  hysteresis testing was performed as plarrncd within
to + 52°C. Only one thermal cycle was carried during this test. It was found
required very long length stabilization tirnc compared to other materials tested,

the tcrnpcraturc  range of -48°f2
out that carbon/carbon sample
at each temperature stop,. Since

the carbon/carbon sample C/C4 took almost 2 weeks ( over 10 working days) to run C’1’~i/thcrn~al  hysteresis
test, it was agreed not to rncasurc  the other two carbon/carbon samples and prolong the temporal stability test
a( ambicmt  temperature (27.5°C).

‘1’hc curves AL/1.  vs. tcrnpcraturc.  arc shown in I;ig.4 and 5 and the [cst results arc summarized in Table
1. l’hc  data illustrates low CH’1{  of -1 .S0 ppnl/% to bc. fairly linear from -48°C to -t 52°C with a very slight
slope change above tcmpcraturc O°C towards positive (-1.44 ppnl/%). These high negative U’E values do no[
meet require.mcn[s for rnctcring  rods of CI’1{ s I I I ppnl/%



TAB11{ 1
CTl~/”Ihcrmal  }Iystcrcsis  q’cs[ Results

“? .

c/c 4

_(TIj _ (3’1: I I@[_ercsis
+ 2°c to -t 27% -48°C [O + 520(: -@C to + 52C

(ppm/°C) (ppm/°C) (ppnl/cycle)

-1.44 -1.50 + 5.70

T’hc curves AI./1.  vs. tempcra[urc also show in detail, how much this carbon/carbon sample failed to
return to i[s original lcrrgth upon rc[urn  [o its original tcmpcraturc,  which wc refer to this as the thermal
hysteresis. The expanded view near -t 270C (Fig. S) demonstrates that a sample significantly cxparlcicd  5.7 ppm
after 1 thermal cycle of + 27% to + 52°C to -48°C to + 27% stopping every 25°C to record A1./I,  vs.
tcmpcra(ure.  As mcrrtioncd  before, lhc AL/1. and temperature data were rccordcd  only after C/C sample ]cngth
s[ahiliz.cd to AL/L < .001 ppm/hour. It took long times to achicvc this s[ahilization  at each tcrnpcraturc  stop.
in general, lower [cmpcraturc,  longer stabilization time: it took almost 43 hours for carbon/carbon sample to
stat) ilizc from -23°C to -4-8°C (Fig. 4)

2. I’cmporai  stability

‘iihc temporal stability test was performed frrst for 60 days at a temperature of 38°C as planned. L,atcr,
in order to define a gcrrcral trend of carbon/carrLron  behavior, it was dccidcd  to extend a test at this tcrnpcraturc
for ano[hcr  3 weeks and then drop the tcmpcraturc down to ambicrrt (27.5°C). “l’his addi~ional testing was done
as an cxc.hangc for not doing very time-consuming CI’1{ runs for the other 2. c:irbon/c:irbon  samples. I)ue, to COS(
ctmsictcration,  all mirrors were held in place. by glavity, rather than by optical contacting.

All temporal stability data is surnmarixcd  in Table 2. l’cm~)oral  stability d:ita for salnplc  C/C4 at 38°C
is shown in Fig 6. The length change ra[cs rcprcscnt  the slopes of the Iincar portion of each curve Al,/I. vs. days.
LJ of A has fittc.d  straight lines to the data. ‘i’hc Icast squares best fit analysis was not conducted bacausc. other
uncertainties sccmcd  far greater. In U of A judgcxncnt,  all the nonlinear data and/or the discontirruitics in data
should bc considered questionable with the best possible conclusion drawn from the linear segment. l’hc most
no~iccablc jumps and discontirruitics  in data arc seen in the first 15 days of tcstirrg. ~’hc possible c;iusc of [hcsc
jumps and discontinuitics  could bc duc to tcsl  set-up: all I“:abry- Perot mirror were held ag:iinst the samples only
I)y gravity, rather lhan by optical contiicting.  l’hc  LJ of A suspcctcd  these mirrors were vulrrcrablc  (o jumps an{i
sct(linp,s  caused by vibr:ition and perhaps dirt specks and/or clcctrost:i[ic  forces. Also thcrmai  s[abili~.ation
(tcmpcraturc changes) of the testing systcm during the tirst days of testing could cmrtril)utc (o these jumps. l’hc
(iiscon(inuitics  on 64th day,lastc.d  for foilowing several days, were caused by tcmpcr:ilure  charrgcs, in[cntirmally
performed to check the controlling systcm
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‘1’crnporal  Stability l’est  Results

c/cl

c/C2

c/c3

38QW) Days..——
(ppm/year)

o
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o

‘1’hc test rcsuhs  indica[c  very good temporal stabilily  of tested carbon/carbon composite. At both
tcmpcraturcs 38°C and 27.50(, temporal  stabihy  was s I I I ppm/year for all tested carbon/eal  bon samples.
In most cases, the samples were expanding with the rate of 1 ppm/year or did not change thcit  lengths at all
(O ppn~/year). Onc exception was a sample C/L3, which was shrinking 1 ppm/year at 38°C. All these results
meet the temporal stability rcquircmcrrts  for metering rods.
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The. carbon/carbon composite made from 21} fabric and pit ch based frbcr P-25 was the only onc among
the carbcm/carbon  materials available at this time for testing. T’hcrcforc,  it was not to bc optimi~cd material for
the. 1SS mc.tcring rods and proposed unidirectional, low modulus based fiber carbon/carbon is cxpcctcd to
pcrfm-m better especially in (;1’}3 and thermal hysteresis areas.

}Iowcvcr, the. test results indicate this 21J fabric and pitch based fiber carbon/carbon has vc.ry good
temporal stability ofs \ 1 I ppn~/year at both tcrnpcratures  3S°C and 27.5°C, which meet the tcrnporal stability
requirements for metering rods. Although its negative CTF{ of -1.5 ppm/°C doc.s not meet the. rcquircrncn[s  of
CT1’11 s 11 I ppm/%,  this carbon/carbon mat trial appeared to bc the best among all nonmetallic materials
tested such as SiC~, carbon Iibcr P1:.IiK composite when lhcrmal  expansion (CI’F.) is consictcred~.

On the other hand, high thcrrnal  hysteresis of + 5.70 ppm/cycle and long stabili~ation time should cause
some concerns par~icular]y  where thermal cycling cnvirontncnt  is anticipated.Whereas its high negative CTF- can
not bc drastically improved by any heat  treat/process, the thcrma]  hysteresis could bc possibly reduced by farther
thermal cycling. I. Jnforlunatcly,  only onc thermal cycling bctwccn  -48°C and + 52°C was carried out during the
{cst and wc arc unable to verify that farther thermal cycling will rcduccd the thermal hysteresis.

l’hc  collcc~cd thermal cycling data on carbon/carbon and other composites suggests the beneficial effect
of the thermal cycling on thermal hysteresis. As mentioned in this paper before, the thermal hysteresis data based
on a sample of P-25 2K &Harncss  Satin fabric ~irbon/~irbon indicated a thermal hysteresis loop, which
appeared to diminish with increasing numbers of cycles. other fiber reinforced composites such as boron
reinforced aluminum showed Icngth changed during first thcrrnal  cycling but the amount of change decreased

‘0 $irnilar effects had also been found in graphi[c/epoxywith each succcding  cycle, approaching an asymptote. . .
11 In general, the length changes during thermal cycling arc associated with the residual stresscomposites .

relaxation and for composites, the. internal micro-cracking could bc additional mechanism for the dimensional
changes. Thcrcforc,  possible bcncfrts  from thermal cycling before the assembly and service could bc: residual
stress relaxation, consumption of some dirmmsional changes, rcducton  of Icngth change rate with time (temporal
stability) :ind stabilization of carbon/c: irlmn matcriiil.
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